Glycogen storage disease type-Ia (GSD-Ia) is caused by a lack of glucose-6-phosphatase-α (G6Pase-α or G6PC) activity. We have shown that gene therapy mediated by a recombinant adeno-associated virus (rAAV) vector expressing human G6Pase-α normalizes blood glucose homeostasis in the global G6pc knockout (G6pc −/− ) mice for 70-90 weeks. The treated G6pc −/− mice expressing 3-63% of normal hepatic G6Pase-α activity (AAV mice) produce endogenous hepatic glucose levels 61-68% of wildtype littermates, have a leaner phenotype and exhibit fasting blood insulin levels more typical of young adult mice. We now show that unlike wild-type mice, the lean AAV mice have increased caloric intake and do not develop age-related obesity or insulin resistance. Pathway analysis shows that signaling by hepatic carbohydrate response element binding protein that improves glucose tolerance and insulin signaling is activated in AAV mice. In addition, several longevity factors in the calorie restriction pathway, including the NADH shuttle systems, NAD + concentrations and the AMP-activated protein kinase/sirtuin 1/ peroxisome proliferator-activated receptor-γ coactivator 1α pathway are upregulated in the livers of AAV mice. The finding that partial restoration of hepatic G6Pase-α activity in GSD-Ia mice not only attenuates the phenotype of hepatic G6Pase-α deficiency but also prevents the development of age-related obesity and insulin resistance seen in wild-type mice may suggest relevance of the G6Pase-α enzyme to obesity and diabetes.
Introduction
Glycogen storage disease type-Ia (GSD-Ia, MIM232200) is characterized by impaired glucose homeostasis caused by deficiencies in glucose-6-phosphatase-α (G6Pase-α or G6PC). G6Pase-α is a key enzyme for endogenous glucose production in the liver, kidney and intestine, catalyzing the hydrolysis of G6P to glucose in the terminal, rating limiting step of gluconeogenesis and glycogenolysis (1) . underlying pathological processes remain uncorrected and hepatocellular adenoma (HCA), which may undergo transformation to hepatocellular carcinoma (HCC), is common (1) . We had previously generated G6Pase-α-deficient (G6pc −/− ) mice that manifest all of the symptoms of human GSD-Ia (4) . However, in these mice, dietary therapy is difficult and not very effective, and the few mice that can survive weaning typically live not more than 3 months (4). Using G6pc
−/− mice, we have shown that systemic administration of rAAV-GPE, a recombinant adeno-associated virus (rAAV) pseudotype 2/8 vector expressing human G6Pase-α directed by the human G6PC promoter/enhancer (GPE), delivers G6Pase-α to the liver and corrects blood glucose homeostasis (5) . In a long-term study, we have shown that 70-90-week-old rAAV-GPE-treated G6pc −/− mice, expressing 3-63% of wild-type hepatic G6Pase-α activity (AAV mice), maintain glucose homeostasis and show no evidence of HCA/HCC (6) . Interestingly, as they age, these mice have a leaner phenotype and exhibit fasting blood insulin levels closer to those of young adult wild-type mice than their similarly aged controls (6) . Several mechanisms might contribute to this observation. First, the old AAV mice exhibit elevated concentrations of hepatic glucose-6-phosphate (G6P) (6) that activates the carbohydrate response element binding protein (ChREBP), a lipogenic transcription factor (7) . Studies have shown that wild-type mice engineered to overexpress hepatic ChREBP and maintained on a high-fat diet exhibit improved glucose tolerance compared with controls (8) . So activation of ChREBP signaling may be one explanation. Secondly, hepatic endogenous glucose produced in the old AAV mice averaged 61-68% of those of control littermates (6) , suggesting that AAV mice live with a chronic reduction of hepatic glucose production. This suggests that the calorie restriction (CR) pathway may also contribute to more healthy aging of these mice (9, 10) . Within the CR pathway, the mitochondrial (m) enzymes, malate dehydrogenase (mMDH) and aspartate aminotransferase (mAAT) of the malate-aspartate (MA) shuttle system (11 ) and glycerol-3-phosphate (GP) dehydrogenase (mGPDH) of the GP shuttle system (11, 12) , are metabolic longevity regulators (11) . In older wild-type mice, CR has been shown to reverse the decline in activities of mMDH, mAAT, cytosolic (c) MDH and cAAT of the MA shuttle system (13) . Moreover, Lou/C rats that display improved insulin sensitivity and resistance to age-or diet-induced obesity (14, 15) exhibit elevated hepatic mGPDH levels. The NADH shuttle systems regulate intracellular concentrations of the primary redox carriers, NAD + and NADH, by re-oxidizing cytosolic NADH produced by glycolysis and transferring electrons into the mitochondrial respiratory chain, connecting glycolysis with mitochondrial oxidative phosphorylation (11, 12) . Notably, intracellular NAD + concentrations decrease in mice with age and/or obesity, but increase under CR (16) (17) (18) . Aging is also associated with mitochondrial dysfunction; so protection of mitochondria may also contribute to the observed phenotype (9, 10) . The peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) is a master regulator of energy metabolism and mitochondrial biogenesis, playing key roles in the maintenance of mitochondrial integrity, biogenesis and function (9, 10) . In wild-type mice, a moderate reduction in hepatic PGC-1α expression is associated with reduced hepatic insulin sensitivity (19) , whereas overexpression of hepatic PGC-1α stimulates mitochondrial function (20) . PGC-1α can be activated either via phosphorylation by AMP-activated protein kinase (AMPK) that regulates energy homeostasis (21) or via deacetylation by sirtuin 1 (SIRT1), an NAD + -dependent deacetylase that plays key roles in longevity mediated by CR (18) . We now show that the underlying mechanisms responsible for the beneficial metabolic phenotype of AAV mice correlate with activation of ChREBP signaling, increases in the expression of NADH shuttle systems, increases in NAD + concentrations and activation of the AMPK/SIRT1/PGC-1α pathway in the livers of AAV mice.
Results

AAV mice do not develop age-related obesity or insulin resistance
We have previously shown that rAAV-GPE-treated G6pc −/− mice expressing 3-9% (AAV-L mice) and 22-63% (AAV-M mice) of wild-type hepatic G6Pase-α activity maintain blood glucose homeostasis for 70-90 weeks, show no evidence of HCA and tolerate a 24 h fast (6) . Moreover, as they age, AAV-L and AAV-M mice have a leaner phenotype and exhibit fasting blood insulin levels more typical of young adult mice (6) . As mice expressing 3-63% of wild-type hepatic G6Pase-α activity exhibit similar metabolic profiles (6), we now refer to mice expressing G6Pase-α activity in this range collectively as 'AAV mice'. To examine the mechanisms underlying the leaner phenotype and greater insulin sensitivity, we generated more AAV mice by infusing 2-week-old G6pc −/− mice with rAAV-GPE ranging from 5 × 10 12 to 10 13 vp/kg and their metabolic profiles were monitored up to the age of 90 weeks. Hepatic G6Pase-α activity in old (75-90-week-old) wild-type mice averaged 171.8 ± 7.1 nmol/min/mg (Fig. 1A) . The treated mice expressing G6Pase-α activity ranging from 11.1 to 65.8 nmol/min/mg, equivalent to 7-38% of wild-type hepatic G6Pase-α activity, were classified as AAV mice with low-to-medium G6Pase-α activity (Fig. 1A) . The 75-90-week-old AAV mice could sustain a 24 h fast (Fig. 1B) and their 24 h fasted blood glucose levels were 88.8 ± 6.4 mg/dl, indistinguishable from the results observed in 70-90-week-old AAV-L/AAV-M mice reported in our earlier study (6) .
Hepatic endogenous glucose production is controlled by functional coupling of G6Pase-α to the G6P transporter (G6PT), which is the rate-limiting component of the G6Pase-α/G6PT complex (1). As expected, the G6pc −/− hepatic microsomes containing an intact G6PT exhibited no significant G6P uptake activity (1,6) ( Fig. 1C) , whereas microsomes from AAV livers showed uptake activity 50% of wild-type activity (Fig. 1C ). Confirming our earlier study (6) , restoration of 7-38% of wild-type G6Pase-α activity in AAV mice led to 1.9-fold increases in hepatic G6PT mRNA expression over that in wild-type mice (Fig. 1D) . Overall, the metabolic profiles of the old AAV mice (Fig. 1E) were indistinguishable from the AAV-L/AAV-M mice reported in our earlier study (6) . At 12 weeks, the average body weights (BW) of wild-type and AAV mice were 24.2 ± 1 and 21.3 ± 0.8 g, respectively (Fig. 1F) , whereas at 75-90 weeks, they were 36.7 ± 1.2 and 21.3 ± 1.2 g, respectively (Fig. 1F ). This showed that while wild-type mice increased BW with age, the treated mice kept a constant BW. Histological analysis of liver biopsy samples revealed no hepatic nodules or histological abnormalities in any of the treated or wild-type mice. There was a 2.5-fold increase in glycogen accumulation in the AAV mice ( Fig. 2A) , but hepatic triglyceride contents were similar to wild-type mice ( Fig. 2A) .
Under aerobic conditions, pyruvate is converted to acetylCoA, whereas under anaerobic conditions, pyruvate is converted to lactate. Hepatic concentrations of pyruvate and lactate were similar between the old AAV and control littermates (Fig. 2B) , suggesting that glucose flux via glycolysis and gluconeogenesis was maintained in the old AAV mice.
Fasting blood insulin levels in old wild-type and AAV mice were 1.33 ± 0.19 and 0.63 ± 0.11 ng/ml, respectively (Fig. 2C ). All were within the normal range, although insulin levels in the old AAV mice were closer to those in 10-20-week-old young adult mice than those in the old wild-type mice (22) . Because the AAV mice exhibit increased insulin sensitivity, a reduced insulin dose of 0.25 IU/kg was chosen to monitor blood insulin tolerance profiles. Following an intraperitoneal insulin injection, blood glucose levels in 12-week-old wild-type and AAV mice decreased, in parallel, with time ( Fig. 2D ). Blood glucose levels in the 75-90-week-old wild-type mice failed to decrease following insulin injection (Fig. 2D) , reflecting age-related decrease in insulin sensitivity (23) . In contrast, the 75-90-week-old AAV mice exhibiting either 7-8% (AAV-L mice) or 16-38% (AAV-M mice) of wild-type hepatic G6Pase-α activity exhibited similar insulin tolerance profiles that are closer to those of young adult mice (Fig. 2D) , demonstrating that restoring 7-38% of wild-type hepatic G6Pase-α activity protected the mice against an age-related insulin resistance.
Whole-body energy metabolism in old AAV mice
The old AAV mice were also protected against age-related obesity with an overall reduction in total body fat contents (Fig. 2E) . Indirect calorimetry analysis showed that the old AAV mice consumed significantly greater O 2 and produced more CO 2 than their control littermates (Fig. 3A) . Both daily food intake/BW (Fig. 3B ) and energy expenditure (Fig. 3C ) were also elevated in the old AAV mice compared with the controls, whereas respiratory quotient (RQ) values ( Fig. 3D ) and activity (data not shown) were similar. In summary, the old AAV mice have higher catabolic rates that confer resistance to age-related obesity.
Activation of hepatic ChREBP signaling in old AAV mice
To obtain sufficient tissue to examine the mechanisms underlying the beneficial metabolic phenotype of the old AAV mice, we augmented samples collected in this study with frozen liver samples from a similar earlier study of 70-90-week-old AAV-L/ AAV-M mice expressing 3-63% of wild-type hepatic G6Pase-α activity (6). Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR) analysis showed that levels of hepatic transcripts of genes involved in ChREBP signaling, NADH shuttle systems and the AMPK/SIRT1/PGC-1α pathway reported later in this study were similar between AAV-L and AAV-M mice and were combined together as the AAV mice. The results described in the following sections were obtained from a combined total of 23 AAV mice expressing 3-63% of wild-type hepatic G6Pase-α activity. Hepatic G6P levels were 1.6-fold higher in the old AAV mice, compared with the controls (Fig. 4A ). Hepatic ChREBP transcripts were increased 1.5-fold in the old AAV mice, but the increase in hepatic ChREBP proteins was not statistically significant ( Fig. 4B ). G6P activates ChREBP signaling by promoting ChREBP nuclear translocation (7), and consistent with this, the percentage of hepatic nuclear ChREBP protein contents increased markedly in the old AAV mice, compared with control littermates (Fig. 4C) . Consistently, the expression of many ChREBP-regulated hepatic genes (7, 8) was induced, including the liver isoform of pyruvate kinase (L-PK) in glycolysis and acetyl-CoA carboxylase isoform-1 (ACC1), elongation of very long chain fatty acids protein-6 (ELOVL6), fatty acid synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1) in lipogenesis (Fig. 4D) .
Despite the induction of lipogenic genes, hepatic triglyceride levels were similar between old AAV and wild-type littermates ( Fig. 2A) . Energy metabolism is also regulated by factors that modulate mitochondria β-oxidation, including peroxisome proliferator-activated receptor α (PPARα), carnitine palmitoyl transferase 1α (CPT1α) and fibroblast growth factor 21 (FGF21) (24) . Compared with wild-type littermates, hepatic mRNAs for PPARα in AAV mice were decreased and hepatic mRNAs for CPT1α were unchanged (Fig. 5A) . However, hepatic mRNAs for FGF21 (24) were elevated 1.8-fold over wild-type mice (Fig. 5A) .
SCD1 catalyzes the conversion of saturated fatty acids into the beneficial monounsaturated fatty acids (25) . Studies have shown that mice overexpressing hepatic ChREBP along with increased SCD1 exhibit improved insulin signaling that correlates with phosphorylation and activation of protein kinase B/Akt (8) . Consistent with that, hepatic Akt mRNA (Fig. 5A ) and total Akt protein ( Fig. 5A and B) were similar between old AAV and wildtype mice, but levels of the active, phosphorylated forms of Akt (26), p-Akt-S473 and p-Akt-T308, were increased 1.8-and 2.0-fold, respectively, in the old AAV mice (Fig. 5A and B) .
Increase in NADH shuttle system expression and NAD + concentrations in old AAV mice
The mitochondrial members of the NADH shuttle systems, mMDH, mAAT and mGPDH, are longevity regulators in yeast (11) . Although hepatic mAAT transcripts were similar between old wild-type and AAV mice, hepatic mRNAs were elevated relative to wild-type mice for cAAT (3.7-fold), mMDH (1.3-fold) and cMDH (1.2-fold) of the MA shuttle and cGPDH (2.2-fold) and mGPDH (1.8-fold) of the GP shuttle in the old AAV mice (Fig. 5C) . Western-blot analysis showed corresponding increases in protein levels of mMDH, cMDH, cGPDH and mGPDH in the old AAV mice (Fig. 5D) , although protein levels for mAAT and cAAT were similar to controls (Fig. 5D) .
Intracellular NAD + concentrations decrease with both age and obesity (16, 17) but increase under CR (18) . At 12 weeks, hepatic NAD + levels were similar between wild-type and AAV mice (Fig. 5E) . In wild-type mice, hepatic NAD + concentrations decreased with age, averaging 74% of that of young wild-type mice by 75-90 weeks (Fig. 5E ). In contrast, hepatic NAD + concentrations in AAV mice remained constant. Consequently, NAD + concentrations in the old AAV mice were on average 1.6-fold higher those of the old wild-type littermates (Fig. 5E ). With increased age, hepatic levels of NADH in wild-type mice also decreased, although NADH levels in the old AAV mice were unchanged (Fig. 5E ).
Activation of AMPK/SIRT1/PGC-1α pathway in old AAV mice CR enhances mitochondrial function through activation of the AMPK/SIRT1/PGC-1α pathway (9,10). Although hepatic AMPK-α1 mRNA levels were lower in the old AAV mice compared with controls, hepatic AMPK-α2 mRNA levels were similar between old wild-type and AAV mice (Fig. 6A) . Studies have shown that CR upregulates AMPK-α2 by increasing protein levels of total AMPK-α2 and p-AMPK-α2 via protein stabilization without affecting AMPK-α2 mRNA levels (27) . Likewise, we showed that hepatic levels of total AMPK and the active p-AMPK-T172 in the old AAV mice were increased 1.9-and 1.6-fold, respectively, over that in the old control mice (Fig. 6B) . SIRT1 is an NAD + -dependent deacetylase that is activated in response to CR or an increase in cellular NAD + levels (18) . Although hepatic SIRT1 mRNA levels were decreased in old AAV mice (Fig. 6A) , hepatic SIRT1 protein levels were similar between old wild-type and AAV mice (Fig. 6B) . The (Fig. 5E ) suggests that hepatic SIRT1 activity is activated in these mice. PGC-1α, which decreases during aging (10), is activated both via phosphorylation by AMPK and via deacetylation by SIRT1 (9,10). In both wild-type and AAV mice, hepatic levels of PGC-1α mRNA (Fig. 6A ) decreased in aging. However, hepatic PGC-1α transcripts in 12-week and 70-90-week-old AAV mice were approximately 2.0-fold higher than those in the respective wildtype littermates (Fig. 6A) . Supporting this, PGC-1α protein levels in 12-week and 70-90-week-old AAV mice were 1.3-and 1.7-fold higher than those in the respective wild-type controls (Fig. 6B) .
PGC-1α is a master regulator of energy metabolism and mitochondrial biogenesis (9, 10) . Mitochondria are responsible for the production of cellular energy through the electron transport chain (ETC) that consists of five protein complexes I-V (28). Complexes I-IV transfer high-energy electrons and complex V is an ATP synthase. The activities of the mitochondrial ETC protein complexes decline with age (28) . The increase in PGC-1α expression in the old AAV mice correlated with the increases in protein levels of all five ETC complexes, I, II, III, IV and V (Fig. 6C) . Taken together, the results suggest that the AMPK/SIRT1/PGC-1α signaling pathway is activated in the AAV mice, leading to stimulation of mitochondrial energy metabolism, providing another mechanism that protects the mice against age-related obesity and insulin resistance.
Discussion
Previous long-term studies have shown that rAAV-GPE-mediated gene transfer in G6pc −/− mice, which restores >3% of normal hepatic G6Pase-α activity, corrects the hallmark metabolic defects of GSD-Ia and prevents the chronic formation of HCA/HCC (6). It is known that patients with type 2 diabetes exhibit increased hepatic G6Pase-α expression, which has led to the suggestion that G6Pase-α constitutes a potential pharmaceutical target for treating type 2 diabetes (29, 30) . Therefore, it was interesting to discover that the AAV mice, expressing 3-63% of wild-type hepatic G6Pase-α activity, exhibit better metabolic controls as they age than their control littermates (6) . This finding also starts to inform the potential safety margin that might exist in any diabetes therapy that seeks to downregulate G6Pase-α. By 70-90 weeks, the AAV mice have fasting blood insulin levels closer to those of young adult mice (22) along with a significantly leaner phenotype. We now show that although wild-type mice gain both fat and insulin resistance with age, AAV mice do not develop agerelated insulin resistance or obesity. We further show that at least some of the molecular mechanisms underlying the improved metabolic phenotype are common to the pathways seen in animals subject to CR, suggesting that the reduced hepatic glucose output in AAV mice mimics hepatic CR. The improved metabolic phenotype arises from activation of ChREBP signaling, increases in the expression of NADH shuttle systems, increases in NAD + concentrations and activation of the AMPK/SIRT1/PGC-1α signaling pathway in the livers of the old AAV mice (Fig. 7) . Interprandial blood glucose homeostasis is maintained by G6Pase-α-mediated hydrolysis of intracellular G6P to glucose in the terminal step of gluconeogenesis and glycogenolysis (1) . As G6Pase-α expression is tissue-restricted, the primary contributor to blood glucose homeostasis is the liver, which accounts for ∼80% of the blood glucose, supported by the kidney, which accounts for ∼20%, with a further minor contribution from the intestine (1). Our previous studies have shown that restoration of just 3% of wild-type hepatic G6Pase-α activity in the global G6Pase-α knockout mouse is sufficient for viability, and here we show that this also confers resistance to the development of age-related insulin resistance that can lead to diabetes. These findings align well with the observation that the conditional liver-specific knockout (L-G6pc −/− ) mice, who still have renal and intestinal glucose outputs, are viable, have a normal survival rate, exhibit normal glucose profiles and do not develop high-fat/sucrose diet-induced diabetes or obesity (31, 32) . Consistent with this, peripheral glucose metabolism and thermogenesis are activated in white adipose tissue, brown adipose tissue and skeletal muscle of L-G6pc −/− mice (32).
The rAAV-GPE-mediated G6Pase-α transgene expression primarily targeted the liver, and very little transgene expression was observed in the kidney and intestine (6, 33) . Consequently, kidney and intestine of AAV mice remained G6pc-null and incapable of endogenous glucose production. In the absence of endogenous glucose production from the kidney and intestine, the AAV mice expressing 3-63% of wild-type hepatic G6Pase-α activity, which produce reduced levels of hepatic endogenous glucose averaging 61-68% of those of control littermates (6) , are living under chronic reduction of hepatic glucose production, similar to animals living under CR. Studies have shown that the absence of hepatic glucose production in L-G6pc −/− mice stimulates energy expenditure through increased expression of hepatic FGF21 (32), a target gene for ChREBP (34) and a major regulator of energy metabolism that stimulates energy expenditure, fat utilization and lipid excretion (35) . Moreover, a recent study (8) showed that mice overexpressing hepatic ChREBP exhibit improved glucose and lipid metabolism resulting from Akt activation and increases in the expression of SCD1, which converts saturated fatty acids into the beneficial monounsaturated fatty acids (25) . In the old AAV mice, hepatic ChREBP signaling is stimulated along with elevated expression of FGF21 and SCD1, and the active p-Akt-S473 and p-Akt-T308 provide one reason why these mice are protected against agerelated insulin resistance and obesity. The available evidence has suggested that expression of the NADH shuttle systems, which play important roles in activating targets of the CR pathway (11, 12) , is likely upregulated in the AAV mice. First, Lou/C rats exhibiting improved insulin sensitivity and resistance to age-or diet-induced obesity (14, 15) exhibit elevated levels of hepatic mGPDH. Secondly, the mitochondrial components of the MA and GP shuttle systems are novel longevity factors in the CR pathway in yeast (11) . Thirdly, cGDPH and cMDH are genes upregulated by ChREBP (36) . We show that mRNAs and proteins for mMDH, cMDH of the MA shuttle and mGPDH and cGPDH of the GP shuttle are increased in the old AAV mice. Studies have shown that functional activity of the GP shuttle requires equal molar proportions of mGPDH and cGPDH (12) . Consistent with this, we show that hepatic cGPDH and mGPDH proteins are equally elevated 1.9-fold in the old AAV mice, compared with wild-type controls. The mitochondrial inner membrane is impermeable to NAD + and NADH, and the NADH shuttle systems are required to couple mitochondrial ATP synthesis to the regeneration of NAD + (12) . The concentrations of NAD + , which play a critical role in mitochondrial aging and disease (18) , are increased under CR and decreased in obesity and the aged (16) (17) (18) . At 12 weeks, hepatic NAD + concentrations
were similar between wild-type and AAV mice. Although hepatic NAD + concentrations decreased in wild-type mice during aging, hepatic NAD + concentrations in the old AAV mice remained high, similar to the levels of young adult mice, reflecting the benefits of CR along with elevated NADH shuttle system expression. A hallmark of aging is mitochondrial dysfunction (9, 10) . We show that the AMPK/SIRT1/PGC-1α pathway that regulates mitochondrial function and aging is activated in the old AAV mice. AMPK and SIRT1 are stress and bioenergetic sensors that stimulate mitochondrial gene expression selectively in response to energy levels (9, 10, 18, 21) . AMPK also plays a role in insulin sensitivity during CR (27) . The old AAV mice exhibit increased protein levels of total AMPK and the active form, p-AMPK-T172. SIRT1 can be activated by increased NAD + levels without changing SIRT1 protein levels (9, 18) , suggesting that elevated concentrations of hepatic NAD + in the old AAV mice activate SIRT1 activity.
Supporting this, levels of both mRNA and protein for PGC-1α, the master of mitochondrial biogenesis (9, 10) , which can be activated both by AMPK-mediated phosphorylation and by SIRT1-mediated deacetylation (9, 10) , are upregulated in the old AAV mice. Variation of PGC-1α levels exhibits profound effects on lipid and glucose metabolism. Mice overexpressing hepatic PGC-1α exhibit improved mitochondrial function and increased fatty acid oxidation (20) . In contrast, PGC-1α heterozygous mice display decreased expression of genes involved in mitochondrial beta-oxidation and reduced hepatic insulin sensitivity (19) . We show that protein levels of complexes I-V, components of the mitochondrial ETC (28) , are upregulated in the old AAV mice. Taken together, one key mechanism responsible for protection of the AAV mice against age-related insulin resistance and obesity is activation of the AMPK/SIRT1/PGC-1α pathway.
In summary, we have demonstrated that AAV mice titrated to express 3-63% of normal hepatic G6Pase-α activity but lacking renal and intestinal endogenous glucose production not only maintain glucose homeostasis in the absence of HCA/HCC but are also protected against age-related insulin resistance and obesity. We further show that some of the underlying mechanisms responsible for the beneficial metabolic phenotype of the old AAV mice arise from activation of ChREBP signaling, increase in the expression of NADH shuttle systems, increase in cellular NAD + concentrations and activation of the AMPK/SIRT1/PGC-1α pathway in the liver of the old AAV mice. Our study suggests that full restoration of normal G6Pase-α activity will not be required to confer significant therapeutic benefits in GSD-Ia by gene therapy. The finding that a moderate reduction of hepatic G6Pase-α activity in mice may promote a leaner phenotype and prevent the development of age-related decrease in insulin sensitivity lends weight to the suggestion that G6Pase-α constitutes a potential pharmaceutical target for treating type 2 diabetes and provides insight into the safety margin in such activity-reducing therapies.
Materials and Methods
Infusion of G6pc −/− mice with rAAV-GPE All animal studies were conducted under an animal protocol approved by the NICHD Animal Care and Use Committee. The rAAV-GPE vector was infused into 2-week-old G6pc −/− mice (4), as described previously (5,6). Age-matched G6pc +/+ /G6pc +/− and 6-week-old G6pc −/− mice were used as controls. Liver samples from wild-type and rAAV-GPE-treated mice were collected at sacrifice following a 24 h fast.
Phosphohydrolase and microsomal G6P uptake assays
Microsome isolation, phosphohydrolase and G6P uptake assays were determined essentially, as described previously (4, 6) . In phosphohydrolase assays, reaction mixtures (100 μl) containing 50 m cacodylate buffer, pH 6.5, 10 m G6P and appropriate amounts of microsomal preparations were incubated at 37°C for 10 min. Disrupted microsomal membranes were prepared by incubating intact membranes in 0.2% deoxycholate for 20 min at 0°C. Non-specific phosphatase activity was estimated by pre-incubating disrupted microsomal preparations at pH 5 for 10 min at 37°C to inactivate the acid-labile G6Pase-α. In G6P uptake assays, microsomes were incubated at 37°C for 10 min in a reaction mixture (100 μl) containing 50 m sodium cacodylate buffer, pH 6.5, 250 m sucrose and 0.2 m [U- 14 C] G6P (50 μCi/μmol, American Radiolabeled Chemicals, St Louis, MO, USA). The reaction was stopped by filtering immediately through a nitrocellulose membrane (BA85, Schleicher & Schuell, Keene, NH, USA). Microsomes permeabilized with 0.2% deoxycholate, to abolish G6P uptake, were used as negative controls.
Phenotype analysis
Mice were examined for hepatic nodules by ultrasound using the Vevo 2100 system (VisualSonics, Ontario, Canada). Body composition was assessed using the Bruker minispec NMR analyzer (Karlsruhe, Germany). Blood levels of glucose, cholesterol, triglyceride, lactate, urate and insulin, along with hepatic levels of glycogen, triglyceride and G6P were determined, as described previously (6) . Hepatic lactate and pyruvate were measured in liver lysates deproteinized using a kit from BioVision (Mountain View, CA, USA). Lactate and pyruvate were measured using the respective assay kit from BioVision. Hepatic NAD + and NADH were determined using the EnzyChrom NAD + /NADH assay kit (BioAssay Systems, Hayward, CA, USA). Insulin tolerance testing of mice consisted of a 4 h fast, prior to blood sampling, followed by intraperitoneal injection of insulin at 0.25 IU/kg and repeated blood sampling via the tail vein for 1 h. 
Indirect calorimetry analysis
Energy expenditure and food intake were assessed using the Comprehensive Laboratory Animal Monitoring System (CLAMS) (Columbus Instruments, Columbus, OH, USA).
Quantitative real-time RT-PCR and western-blot analysis
The mRNA expression was quantified by real-time RT-PCR in an Applied Biosystems 7300 Real-Time PCR System using Applied Biosystems TaqMan probes (Foster City, CA, USA). Data were normalized to Rpl19 RNA. Western-blot images were detected using the LI-COR Odyssey scanner and the Image studio 3.1 software (Li-Cor Biosciences, Lincoln, NE, USA). Mouse monoclonals used were β-actin (Santa Cruz Biotechnology, Dallas, TX, USA), Total OXPHOS Rodent WB Antibody Cocktail and cMDH (Abcam, Cambridge, MA, USA). Rabbit monoclonals used were p-Akt-S473, p-Akt-T308 and p-AMPK-T172 (Cell Signaling, Danvers, MA, USA). Rabbit polyclonals used were ChREBP (Novus Biologicals, Littleton, CO, USA); Akt, AMPK and mMDH (Cell Signaling); cAAT, mAAT and PGC-1α (Abcam) and SIRT1 (Millipore, Billerica, MA, USA). Goat polyclonals used were cGPDH and mGPDH (Santa Cruz Biotechnology). Protein expression was quantified by densitometry using the Multi-Gauge version 3.0 software (Fujifilm, Tokyo, Japan).
Analysis of ChREBP nuclear localization
Mouse liver paraffin sections (10 μm thickness) were treated with 0.3% hydrogen peroxide in methanol to quench endogenous peroxidases and then blocked with the Avidin/Biotin Blocking Kit (Vector Laboratories, Burlingame, CA, USA). For ChREBP detection, liver sections were incubated serially with a rabbit antibody against ChREBP and a biotinylated anti-rabbit IgG (Vector Laboratories). The resulting complexes were detected with an ABC kit using the DAB Substrate (Vector Laboratories). Sections were counterstained with hematoxylin (Sigma-Aldrich) and visualized using a Zeiss Axioskop2 plus microscope equipped with 40×/0.50NA objectives (Carl Zeiss MicroImaging, Jena, Germany). Images were acquired using a Nikon DS-Fil digital camera and NIS-Elements F3.0 imaging software (Nikon, Tokyo, Japan). The percentage of cells in 10 randomly selected fields (number cells/field were 92.5 ± 3.1 for wild-type and 81.2 ± 2.7 for AAV mice at 400×) containing ChREBP-positive nuclei was recorded.
Statistical analysis
The unpaired t-test was performed using the GraphPad Prism Program, version 4 (San Diego, CA, USA). Statistical significance was defined as P < 0.05.
